Stimulating neuron cells with light is an exciting new technology that is revolutionizing the neurosciences. To date, due to the optical complexity that is involved, photostimulation has only been achieved at a single site using high power light sources. Here we present a GaN based micro-light emitting diode (LED) array that can open the way to multi-site photostimulation of neuron cells. The device is a two-dimensional array of micrometre size LED emitters. Each emitter has the required wavelength, optical power and modulation bandwidth to trigger almost any photosensitizer and is individually addressable. We demonstrate micrometre resolution photoactivation of a caged fluorophore and photostimulation of sensitized living neuron cells. In addition, a complete system that combines the micro-LED array with multi-site electrophysiological recording based on microelectrode array technology and/or fluorescence imaging is presented.
Introduction
Over the years we have gained considerable insight into the functioning of neurons since the original discoveries by Hodgkin and Huxley (1952) . Patch clamping has been an effective tool to investigate the biochemical factors involved in neural signalling (Bean 2007) . More recently the emergence of the multi-electrode array (MEA) technology has provided researchers with multi-site recording and even stimulation capabilities (Thomas et al 1972) . MEA technology is extensively used today to study the dynamic of interactions within neuron networks (Hofmann and Bading 2006) , synaptic plasticity (Lante et al 2006) , visual perception (Cang et al 2005) and the effects of pharmacological compounds and putative therapeutics (Aton et al 2005) .
Although a MEA provides a good means of neural signal recording, its stimulation capability suffers from major drawbacks. There is a short dead time between the stimulation pulse and the ability to record, as larger pulse will saturate the sensitive preamplifiers. The stimulation spatial resolution is limited by propagation of the electrical pulse through the solution and thus all the neurons within the vicinity of the stimulation electrode are potentially excited. In general, a specific electrode on the microelectrode array can either be wired to a stimulating oscillator or a recording preamplifier, not both. Finally, it is only possible to electrically excite action potentials, not inhibit them.
Recent advances in the biotechnology of optical excitation of neural cells have the potential to start a new era in the study of neural physiology, especially at the network level. Photostimulation was first demonstrated in 1971 by Richard Fork who used a high power laser to stimulate action potentials in the abdominal ganglion of the marine mollusc Aplysia California (Fork 1971) . Since then scientists have exploited developments in nanotechnology and genomics to realize various photostimulation tools which can be divided into three major techniques.
The oldest technique involves the photolysis of caged neurotransmitters, and has been available since the late 1970s (Kaplan et al 1978) . In this case, neurotransmitters are rendered inactive with a covalently bonded blocking moiety. The σ -bond attaching the blocking agent can be cleaved with UV light to release the active chemical. The result is a great localized increase in the neurotransmitter concentration in the vicinity of the light spot, which can excite a neuron cell. Due to its wide expression in the CNS neurons, caged glutamate is the most commonly used caged neurotransmitter. The uncaging process has a very good temporal and spatial resolution (approximately 3 ms and 5 µm, respectively)-the latter mainly limited by the diffusion of the uncaged molecules (Shoham et al 2005) .
The second technique involves the use of engineered membrane photoswitches. This relatively new technique uses synthetic photoisomerizable nanocompounds to block or open ion channels or receptor proteins (Banghart et al 2004) .
The final and perhaps the most promising technique is the expression of natural phototransduction membrane proteins. They come in two forms: light activated cascades leading to ion channels opening and individual light gated channels. Melanopsin is a G-protein type photopigment which was recently discovered in a small subset (∼1%) of human retinal ganglion cells (Foster 2005) . When expressed in neuron cells, melanopsin can enable light-evoked (blue) depolarization responses (Melyan et al 2005) . Channelrhodopsin-2 (ChR2) is a direct light gated cation channel found in the Chlamydomonas reinhardtii algae. It has a fast activation by blue light and a fast deactivation time constant (Nikolic et al 2006 , Boyden et al 2005 . A complementary light sensitive inhibiting hyperpolarization protein NpHR has also been reported recently (Zhang et al 2007) . It is a light sensitive chloride pump that opens upon illumination of yellow light (approximately 580 nm) and hyperpolarizes the cells, thus inhibiting action potential formation.
Such light based techniques offer many advantages over traditional electro-stimulation technologies. The light beam can be easily focused to a very high spatial resolution using conventional optics, limited only by the diffraction limit of light. The genetic expression of light gated ion channels shows particular promise as individual neuron types in a heterogeneous culture can be selectively stimulated using genetic targeting with different photosensitization agents. The location of the stimulating beam can be easily changed during the experiment and action potentials can be inhibited with the use of photoinhibiting agents, which are sensitive to different wavelengths than the photostimulating agents.
At present, stimulating neurons with light is limited to a single stimulation signal. The reason for that is the fact that the light intensity and the spatial resolution that are required for the stimulation process can only be matched today by high power illumination sources such as xenon/mercury lamps (Boyden et al 2005) , lasers (Korkotian et al 2004) or high power light emitting diodes (LEDs) (Ishizuka et al 2006) in conjunction with a microscope or optical fibre setup. Here we present a multi-site, multi-signal light stimulation platform, based on a novel micro-LED array chip. We show its capability to photo activate micropatterns on a caged fluorophore sample. We then demonstrate the photo-excitation of action potentials in sensitized neuron cells. Finally, we discuss the potential of this system as an integrated platform for combined photostimulation and electrophysiological recording. The resulting system allows the simultaneous optical stimulation of 2 dimension patterns on a biological neuron network with electronic recording via a microelectrode array plate or fluorescent imaging of calcium across the membrane. In this way, we can for the first time probe biological neuron networks at the network level.
Gallium nitride micro-LED arrays
Nitride semiconductors such as aluminium nitride (AlN), gallium nitride (GaN), indium nitride (InN) and their alloys emerged in the mid-1990s as a very promising technology for LED manufacture. These semiconductor materials and their alloys cover an energy band gap range from 1.9 to 6.2 eV. Therefore almost the entire visible range and deep UV wavelengths are spanned in nitride alloy system. Also, the band structure has a direct band gap across the entire alloy range, allowing the nitride-based LEDs to exhibit quantum efficiencies as high as 12%, significantly higher than quantum efficiencies from most other inorganic semiconductor systems. By varying the composition of the semiconductor alloy, a wide spectrum of wavelengths from red (644 nm) down to UV (197 nm) can be potentially achieved. The narrow spectral emission of nitride semiconductors, together with their high quantum efficiencies and their remarkable physical properties enable high current densities and therefore high brightness LED sources with long lifetimes for the semiconductor emitters, usually more than 100 000 h operation.
64 by 64 matrix addressable, and 120×1 stripe addressable micro-pixelated nitride-based LEDs have been fabricated, and their use for microscopy applications has been previously demonstrated (Poher et al 2007) . Their fabrication has also been described in detail previously by Jeon et al (Choi et al 2003 , Jeon et al 2002 , Zhang et al 2006 , although we summarize their structure and operation here. Briefly, for the 64 × 64 device, a planar LED layer structure is grown starting with an n-type GaN substrate layer on a sapphire wafer. Isolated columns with a common cathode are formed by dry etching through the complete LED structure including the n substrate. A second stage of dry etching down to the n substrate forms rectangular mesas with isolated anodes which become the individual LEDs. A metal line is then patterned along the substrate of each column to form the common cathode contacts. A p-metal line anode running across the mesa structure finally connects all the emitters in a row as shown in figure 1. This allows matrix addressing of the array, which has proven an effective drive strategy (Ozden et al 2001) . With this scheme, 2N contacts are needed in order to address N ×N individual emitters, whereas 2N 2 contacts are required using an individual addressing scheme. The fabrication process for the 120×1 stripe device is similar, although of course no matrix addressing is required in this case as the 120 individual LEDs are arranged with a common n-contact via metallization on the substrate and can be driven in parallel by current sources on their individual p-contacts. 
Matrix addressed arrays
In the matrix addressing scheme a single element can be addressed by applying a positive bias voltage across its row electrode and by sinking a constant current on the corresponding column. When displaying an image, the positive voltage is continuously raster-scanned down the rows of the array while displaying a line pattern as an appropriate current sink for each column position. An electrical driver was designed that allows for the display of arbitrary binary images at up to 600 frames per second. Figure 2 (a) shows a schematic of the matrix driver. The bias voltage is scanned by eight MIC5891 programmable voltage sources at a rate from 0 to 38 000 columns per second. Constant currents are sourced from the emitter n-electrodes using four MAX6971 constant current sink drivers. The emitter drive current is adjustable through an external resistor from 4 to 50 mA per emitter and a 10-bit PWM control is used to allow brightness control of the display. The board is addressed from a host computer using a USB communication port, so the pattern displayed by the LED can be externally generated and sent via a Labview graphical interface. Figure 2 (b) illustrates the capability of our driver, where an 'Opto Neuro' pattern is displayed on three matrix devices operating in the UV (370 nm), blue (470 nm) and green (520 nm).
In the case of the UV matrix device, a turn-on voltage of approximately 4 V was measured, which is slightly more than what was predicted from the solid-state theory, and is attributed to voltage drops in the diode contacts. Each individual element can be sourced with up to 10 mA, which results in about 10 µW emitted optical power. However, due to the raster scanning scheme when displaying an image, the effective power of a single emitter in the image is reduced by the number of rows in the device as given by
where P eff is the effective power output for a given wavelength, η λ is the quantum efficiency at a given wavelength, P is the input electrical power and n R is the number of rows. In our striped arrays, there was no loss in power as there was only 1 row, while in the 64 × 64 addressable matrix arrays there was a maximum power reduction factor of n R = 64.
Linear arrays
The linear arrays consist of 120 GaN adjacent LED stripes that are individually addressable. This striped LED structure was developed in parallel to the matrix structure and was previously used by us for optical sectioning microscopy (Poher et al 2007) . Figure 3 (a) shows images of a whole device operating at 470 µm. Each stripe is 17 µm wide and 3600 µm long, and the centre-to-centre spacing is 34 µm, giving an overall diode structure size of 3.6 × 4.08 mm 2 . Each individual micro-stripe has an n-electrode rail alongside a light emitting mesa running to a common broad area n-electrode contact and each mesa has an individual p-electrode running along its length. A particular stripe is then addressed by sourcing a constant current to its corresponding p-contact with the common cathode held at ground. The device structure has been described previously (Zhang et al 2006) . Emission spectra for UV and blue devices are also shown in figure 3(a) .
A dedicated electrical driver was constructed to allow arbitrary combinations of the stripes to be simultaneously driven to produce up to 50 000 independent line patterns per second. Constant currents are produced using 15 common cathode TB62710F drivers controlled by a PIC18F4550 microcontroller and the whole system allowed complete reconfiguration of line patterns in 20 µs. The constant current value is set using external digital potentiometers on each driver chip, allowing current values from 3 to 90 mA, reconfigurable in 1.5 µs. Calibrations of stripe array LEDs (figure 3(b)) show that a single element driven at 30 mA can emit up to 700 µW in the blue and more than 300 µW in the UV. 
Photo activation of caged fluorescein
As was discussed above photo-uncaging of caged neurotransmitters, such as glutamate, in the vicinity of neuron cells is a widely used tool today for triggering neuron responses. However, other photo-uncaging systems that release a fluorescence probe have also found use in a number of areas. Fluorescein is a widely used fluorophore due to its large cross-section and strong fluorescent signal. In its caged form it has been extensively used in cell imaging and microfluidics measurements (Puchalla et al 2005 , Samadani et al 2006 . The fluorescein is attached to a compound 5-carboxymethoxy-2-nitrobenzyl that hinders its fluorescence, but can be released by UV flash photolysis. Fluorescein uncaging was recently demonstrated using a single UV diode coupled in an optical fibre (Bernardinelli et al 2005) . In order to prove the capability of the new micro-LED array to realize a structured photouncaging pattern, we demonstrate the uncaging of CMNB-caged fluorescein (molecular probes) with a stripe UV micro-LED array that emits at 370 nm.
Experimental conditions
The 370 nm micro-stripe diode was placed in a critical illumination in an Olympus BX41 upright microscope so that the pattern is imaged onto the sample (figure 4). The light from the LED was collected using a standard Olympus 180 mm tube lens, so illuminating a field of view of L/M × W/M mm 2 on the sample, where M is the objective magnification and W and L are the overall width and length of the diode. A 470 nm Luxeon ® V LED was placed in Kolher illumination to excite the fluorescence from uncaged molecules and coupled into the microscope using a 50/50 beam splitter. This arrangement of light sources released the need to introduce an extra mirror when switching from the UV illumination to the blue, although it does result in a loss of 50% of the UV power. Uncaging light was projected onto the sample using a UV Olympus dichroic and fluorescence from the sample was observed using a separate standard blue fluorescence filter cube. In this way the units had to be switched between the UV uncaging phase and the blue observation phase. The CMNB-caged fluorescein was dissolved in 100% glycerol (100 mM) in order to reduce the diffusion of the molecules. The solution was then spin coated onto a plasma treated microscope cover slips to produce uniform thin films. During the uncaging experiment UV light was shone onto the sample for a period controlled by the LED driver. The filter cube was then switched from UV to blue, the blue LED was turned on and the fluorescence light was imaged onto a CCD camera (Orca ER). The diode elements were driven at 5 mA under 10 V maximum forward voltage, resulting in an average power of 34 nW per emitter on the sample.
Results
The caging ligands have a peak sensitivity at 330 nm (3.8 eV). Thus, the 370 nm wavelength (3.4 eV) emitted by the UV GaN arrays was not optimal. To test the process we used a spectrofluorometer (Shimadzu RF-5301PC) to illuminate the sample at λ = 370 nm, recording the fluorescence spectrum of the uncaged compound before and after with 470 nm excitation. We observed a 4-fold increase in the fluorescence signal after illumination, with an emission peak in both cases at 513 nm.
The UV micro-stripe LED array chip used in the experiment was a prototype device and therefore still had some non-uniformity in the emission. The stripes appeared brighter near their connection end and gradually dimmer away from it (figure 5(c), left image). This is a result of the increasing series resistance along the diode contacts. Several LED stripes did not emit at all mainly due to broken contacts at the surface of the semiconductor. However, the stripes that did work showed very good consistency in their optical power. The average stripe power was 34 nW and the standard deviation was 2.25 nW (measured in the sample plane using a Newport 818-UV power meter). The uniformity is better in the pixellated LED chips due to a metal electrode reducing the resistance along each mesa.
The sample was then illuminated with a structured microstripe pattern using a 180 mm tube lens and a ×20, 0.5 NA UPlanFl Olympus objective. A random pattern of stripes was used as shown in the left image of figure 5(c). The resulting uncaged fluorescence patterns after 34 nJ, 85 nJ and 170 nJ per stripe (corresponding to 1 s, 2.5 s and 5 s of illumination, respectively) are shown in the remaining images in figure 5(c) . Approximately 100 nJ was required with the current setup to photolyse a significant visible fluorescent pattern and the increase in fluorescence signal varied approximately linearly with excitation dose. In this setup, the width of a single stripe in the image was approximately 1 µm, although the corresponding uncaged width in the image was wider (∼5 µm) due to diffusion and uncaging outside the focal plane.
Photostimulation of neuron cells with engineered light gated ion channels
A blue stripe µLED array was used to stimulate action potentials in hippocampal neurons that were photosensitized with ChR2. The neurons were obtained from rats on embryonic day 18 and grown for 12 days in vitro. The photosensitization was achieved by transfecting the cells with ChR2. Responses from single cells were recorded with a standard patch clamping setup (HEKA epc10 double patch clamp amplifier, operating with HEKA Pulse software) (Hartman et al 2006) . The unique spatio-temporal resolution enabled by the µLEDs allowed us to stimulate single cells with sub-cellular resolution. Figure 6 (a) shows a fluorescence image of a ChR2 transfected neuron (the ChR2 is coupled to YFP). In this case the soma is illuminated by a single stripe from the blue µLED. The inset on the bottom-left shows the neuron response (white) to a train of 4 light pulses having a duration of 10 ms and a frequency of 10 Hz. Individual action potentials were accurately and reliably triggered up to a frequency of 40 Hz. The LED was driven using currents between 5 and 30 mA, resulting in an irradiance at the sample between 50 and 300 pW µm −2 . In contrast, figure 6(b) shows the case when the stripe illuminating the soma was turned off and adjacent stripes illuminating the axon and dendrites were turned on. Clearly no action potentials were achieved.
A system for photostimulation of neural cells
In order to use micro-LED array devices for photostimulation and simultaneous electrical recording of nerve cells we propose the system shown schematically in figure 7 . The system is constructed around an inverted microscope for sample imaging and alignment. The MEA system is mounted on the stage of this microscope and the photostimulation is provided by mounting the LED array and projection optics in a transillumination position above the stage. Ancillary electronics including a LED driver and a MEA instrumentation are controlled by a computer, which can adjust the stimulation and record the nerve cell response as required. Commercially available MEA recording systems typically consist of a matrix of indium tin oxide electrodes on a glass substrate, coated with titanium nitride at the stimulation/recording points. Nonstimulating areas are passivated with silicon nitride. The array is thus fairly transparent to both trans-illumination and epiillumination light. The inter-electrode spacing is typically between 100 and 500 µm. Typical electrode tip dimensions of the microelectrodes are between 10 and 20 µm, and the electrodes are arranged in an 8 × 8 array. More accurate measurements can be achieved using traditional patch clamp techniques, however it is limited to a single or a few neurons.
Photo-stimulation optics
In order to stimulate neurons on the MEA the micro-LED array must be imaged onto the neuron cells using a suitable optical system. This system must provide the required spatial profile and sufficient irradiance for photostimulation. Additionally, other factors such as appropriate working distance to accommodate the MEA, perfusion chambers and probes must be taken into account. For our initial instrument a 1 : 1 4f relay comprising two 50 mm triplet lenses (Sill Optics GmbH S5LPJ2851) has been chosen. Although the system is not diffraction limited, the peak to valley aberrations are less than 1.5 waves across the entire field and greater than 90% of the light collected from a 17 µm diameter emitter is contained within a 32 µm diameter circle at the image plane. Thus for centre-centre emitter spacing s of >32 µm crosstalk from adjacent emitters is low. The working distance of this arrangement is 40 mm allowing good access to the MEA and any cell culture. However the numerical aperture (NA) of the collection system is low (0.14) and given unity magnification the irradiance at the sample will be no greater than 2% of that at the diode chip.
LEDs have an approximately Lambertian emission profile (the light is emitted into a solid angle of 2π steradians and the radiant intensity is proportional to the cosine of the angle relative to the surface normal). In order to collect as much light as possible from the LED the imaging system should then have as large an input NA as possible. For a small Lambertian source the collection efficiency η of a lens having a NA is given by η ≈ NA 2 . For example, a lens with a NA of 0.5 will collect 25% of the total emission from the LED. Progressing through the optical projection system, the Lagrange invariant states that the brightness (power per unit area per unit solid angle) can never be increased beyond that of the objector rather that collected from the object by the input NA of the system. However, if the image is de-magnified then the output NA will be larger than the input NA (the magnification, M, is the ratio of the input NA to the output NA) and thus because the solid angle of illumination is increased the absolute irradiance (power per unit area) is then increased by 1/M 2 . It is this irradiance (power per unit area) that is important for photostimulation. The trade-off in this case is that a smaller field of view is covered by the projected image and inevitably the working distance is reduced because of the use of higher NA optics. Likewise the use of microlenses at each LED emitter cannot increase the brightness of the source, but they can serve to increase the effective fill factor of the array and hence may be useful in allowing the smaller fill factor on the LED array itself with resulting benefits in heat generation and dissipation.
Discussion
The experiment described above demonstrates the possibility of using a micro-LED array to activate CMNB-caged fluorescein. Further work will concentrate on photoactivation of neuronal signals. In the case of photouncaging of neurotransmitters, the blocking moiety is similar to the caged fluorescein (typically based on the nitrobenzyl group). In a similar work using a single light activation source, photoactivation of caged glutamate required less optical power than caged fluorescein due to the high sensitivity of the neurons to small neurotransmitter concentrations. For a given cell type and level of photosensitization, e.g. expression of ChR2, the efficiency of the photostimulation process is determined by four characteristics of the light stimulus: wavelength, irradiance, spatial resolution and temporal resolution. The aspects of photostimulation of neurons are examined below from both the biological and optical perspectives.
Wavelength. In the case of natural photosensitive proteins, the biophotonic process is due to photoisomerization of a chromophore (as in the retina) that triggers a conformational change in the proteins. For ChR2 and melanopsin this process has a peak spectral sensitivity in the blue at ∼470 nm. Photolysis of caged neurotransmitters, however, involves breaking of a covalent bound between the blocking molecule and the neurotransmitter and therefore requires a UV light source (typically between 300 and 380 nm). The blue (470 nm) and UV (370 nm) micro-LED arrays that are available today match these requirements. Moreover, LEDs based on the gallium nitride material system have the potential to realize emitters with wavelengths down to 197 nm. It is noted, however, that for some applications, such as retinal prostheses, UV excitation is not practical due to the low transparency of many biological materials in this wavelength region.
Irradiance. Boyden et al and Ishizuka et al reported that a power density of 5-12 nW µm −2 was required to stimulate hippocampal culture cells that expressed ChR2 (Boyden et al 2005 , Ishizuka et al 2006 . On the other hand, Bi et al reported later that a power density of only 50 pW µm −2 was sufficient to stimulate ChR2 expressing mice retinal neuron This may be attributed to different levels of ChR2 expression (not specified in the texts) or due to the different types of cells that were used. In both cases the measurements were performed with whole-cell patch clamping, but the experimental conditions such as the clamping voltage or the potassium and calcium concentrations in the buffer solution significantly differ between the two and might also help to explain the variation in results. In comparison with ChR2, the activation of melanopsin requires a much lower irradianceapproximately 0.5-5 pW µm −2 . This is because the G-protein cascade biochemically amplifies the process.
The irradiance of single emitter elements in the micro-LED array are summarized in table 1 (the values correspond to maximum driving current conditions). Also given are the corresponding irradiances at the sample for the conditions for the experiment described in section 3. It can be seen that the micro-LED arrays have sufficient irradiance to trigger almost any photostimulation technique, although the projection optics used will reduce the irradiance according to the NAs of the optical system.
Temporal resolution. Ideally, the temporal response of neuron cells is typically on the millisecond timescale. At present, caged glutamate, ChR2 and NpHR are the only approaches that can enable stimulation with millisecond resolution. The micro-LED arrays can be pulsed on a submicrosecond time scale and therefore are not expected to limit the temporal resolution of the system.
Spatial resolution. The cell body of neuron cells have diameter typically between 10 and 100 µm. The micro-pixel emitters have a diameter of 20 µm and inter-pixel spacing of the same size. The array is imaged on the cells with a simple optics arrangement described above. In the case of 1× magnification, each LED pixel will cover approximately a single cell and network stimulation can be achieved. On the other hand, using a high magnification objective, the diameter of a single emitter can be reduced to sub-micrometre size. In this case the multiple micro-LED array would be imaged on a single cell. This feature will also enable single cell photostimulation with sub-cellular spatial resolution.
Finally, micro-LED future developments will concentrate on flip chip emission technology. In a flip chip device, no wire bonds are required and the LED is mounted directly on the top of a flipped silicon chip containing all its circuitry. This feature dramatically improves the efficiency of the illumination (up to a 5-fold increase in optical power is expected). In addition, with flip chip technology the image quality is expected to have better uniformity due to much thicker metal emitter connections (Gong et al ).
Conclusion
Photostimulation is an exciting technology that is revolutionizing neuroscience and biology. Triggering neurons with light has many advantages over the traditional electric stimulation techniques. One important advantage is the potential for multisite stimulation with a high spatial resolution. To date this feature has been hindered by the lack of an appropriate photostimulator tool.
In this paper we present a GaN based micro-LED array technology that can open the way to real multi-site photostimulation of neuron cells. The device is made of micrometre size LEDs with individually addressable emitters. We have shown the wavelength and irradiance characteristics to be sufficient for the two prominent techniques used in photostimulation of neurons. Additionally, we have discussed scalability into a fully integrated system comprising micro-LED array and electrophysiological recording.
In the future we hope to increase the efficiency of our LEDs via flip chip designs. Such an increase in efficiency will allow for increased emission irradiance and therefore increase the dynamic range with which we can stimulate the neurons.
